Abstract. In order to obtain higher equivalent accuracy in the dynamics study of satellite sailboard using sandwich panel theory, the cell size of satellite sailboard is optimized. By comparing the changes of modal frequency equivalent errors of different structures, the equivalent accuracy of satellite sailboard structure is the best when the wall thickness is 0.02 mm and the wall length is 6 mm. The section size parameter with the smallest equivalent error is applied to the honeycomb sandwich plate structure of satellite sailboard. By comparing the modal analysis results of the equivalent theoretical model with the modal test results, the modal frequency equivalent errors are within 11% and the fundamental frequency error is as low as 0.1%. The equivalent theory can be well applied to the simulation of dynamic response of honeycomb sandwich panels of this size, which provides a new verification method for the rational application of equivalent theory in honeycomb structures and a new reference for the subsequent design and research of honeycomb sandwich panel.
Introduction
At present, honeycomb sandwich panels are widely used in many fields due to their excellent specific strength, specific stiffness and thermal damping. For example, they are widely used in aerospace, shipbuilding and other industries [1] [2] [3] [4] [5] . Based on its good mechanical properties and ease of weight reduction, some of the main force structures of satellites are almost entirely composed of honeycomb sandwich panels. At present, there is no honeycomb structure that can be directly called in ABAQUS, NASTRAN and other widely used aerospace-specific software. Therefore, if the honeycomb sandwich panel structure is to be simulated and analyzed, the most economical and feasible method is to use the equivalent model to complete [6, 7] .
The wall thickness and wall length of the honeycomb core layer directly affect the equivalent elastic parameters, and the change of the equivalent elastic parameters will affect dynamic simulation results of the model. The current common sandwich panel theory with the highest equivalent accuracy is selected to compare with the honeycomb panel model to obtain the equivalent error, so that the equivalent accuracy can be analyzed and judged according to the equivalent error [8] .
Sandwich Panel Theory
Honeycomb sandwich panels typically consist of an upper and lower layer and an intermediate honeycomb core layer. The simplified honeycomb sandwich panel is shown in Figure 1 . The sandwich panel theory is only equivalent to the core of the honeycomb sandwich panel. The panel satisfies Kirchhoff's assumption that it cannot withstand transverse shear stress. The core layer can then be equivalent to an orthotropic layer of equal thickness [9] [10] [11] .
Therefore, the equivalent mechanical parameters can be obtained as follows. 
Where ,,, EPare the elastic modulus, shear modulus, density, and Poisson's ratio, respectively, where the lower corner s is labeled to indicate the elastic parameter of the honeycomb core layer, and the angle c is to indicate the elastic parameter of the equivalent core layer.  is the correction factor, generally taking 0.4-0.6, t
and L are consistent with the foregoing.
Effect of Cell Size on Equivalent Accuracy
It is of engineering significance to select the dimension of cell wall thickness and wall length within a reasonable interval. The size of honeycomb sandwich plate is selected based on the commonly used size. According to the above size constraints, honeycomb wall thickness is selected as 0.02mm, 0.04mm, 0.06mm and 0.08mm respectively, and the wall length is selected as 4mm, 6mm, 8mm and 10mm. Therefore, 16 models of different sizes would exist when building the model for comparative analysis. According to formula (1), the equivalent elastic parameters of 16 models can be obtained. The other geometrical and material parameters of the model are the same as the satellite sailboard, which are used as the conditional input to complete the finite element modeling, and the parameters are shown in Table 1 . The first ten order frequencies of each model are obtained by modal analysis of 16 models. By calculating the modal frequency error of the honeycomb panel model and sandwich panel model, the equivalent situation of the equivalence theory is analyzed and judged.
Influence of Wall Length on Equivalent Accuracy
The results of modal analysis were classified and processed, and the wall length is kept at 4mm, 6mm, 8mm and 10mm, respectively. The variation of equivalent precision along with the wall thickness is studied. The dimension of each wall length is constant, and the change of equivalent error with the change of wall thickness is shown in Figure 2 . According to the vertical coordinates of each error variation curve in Figure 2 , the low frequency errors are smaller when the wall length is 6mm and 8 mm, and the high frequency error is smallest when the wall length is 6mm.
Influence of Wall Thickness on Equivalent Accuracy
On the other hand, the wall thickness is kept at 0.02 mm, 0.04 mm, 0.06 mm, and 0.08 mm, respectively. The variation of the equivalent accuracy with the wall thickness as the wall length changes is shown in Figure 3 . According to the vertical coordinates of each error variation curve in Figure 3 , both the low frequency error and the high frequency error gradually increase with the increase of the wall thickness. Therefore, when the wall thickness is 0.02mm (that is, the minimum wall thickness), the model has the minimum equivalent error. It is indicated that the smaller the wall thickness of the core layer during the design and research of the honeycomb sandwich panel, the higher the equivalent precision.
Application and Verification of Equivalence Theory on Satellite Sailboard
Modal analysis is to identify the natural frequency of the system. The frequency of each order, especially the fundamental frequency, reflects the inherent properties of the mechanical structure. Therefore, the results of the modal analysis can better reflect the dynamic performance of the mechanical structure [12] .
Modal Analysis of Equivalent Model
From the above simulation results, when the wall length is 6mm and wall thickness is 0.02 mm, the sandwich panel theory is selected to simulate the structure for analysis to obtain a higher equivalent accuracy. According to the material parameters and geometric parameters of the satellite sailboard given in Table 1 , the equivalent parameters of the core layer can be obtained by using the calculation formula (1) . The results are shown in Table 2 . 
The FRP panel is equivalently replaced by a homogeneous and constant thickness isotropic layer in the finite element modeling of sandwich panel theory to simplify the calculation. In the modeling process of panels, MSC. NASTRAN is used to define the layer of the upper and lower FRP panels structure and core layer of the satellite sailboard by using PCOMPG card.
According to the equivalent parameters in Table 2 , the finite element modeling of the equivalent theory can be completed. Then the modal simulation of the finite element model is carried out. The first five-order frequencies and vibration modes of the sandwich panel theory are shown in Table 3 . The first two vibration modes of the equivalent model are obtained, and the results are shown in Figure 4 . 
Modal Test of Satellite Sailboard
The modal test of the satellite sailboard is carried out using the LMS modal test equipment, including data acquisition systems, hammers, sensors and cables. The actual measurement point arrangement and the sensor installation are shown in Figure 5 (a). The accelerometer is of type 4524-B, and its sensitivity is 100mv/g. The test status is shown in Figure 5 (b). The test results are shown in Table 4 . The first two vibration modes of the satellite sailboard are obtained, and the results are shown in Figure 6 . 
Comparison of Results
According to the simulation results and experimental results obtained from the previous chapters, the calculation results of various frequency errors are shown in Figure 7 . Compared with the experimental results, the simulation results of the first five modal frequencies of the sandwich panel theory model are within 11%, and the fundamental frequency error is the smallest, which is 0.1%. The fifth-order frequency has the largest error of 10.7%. The simulation and experimental modal results are the same for the first two vibration modes.
Conclusion
By applying the sandwich panel theory to the satellite sailboard model with different cross-section dimensions, the equivalent errors are compared to give the design proposal of the section with the highest equivalent accuracy. Furthermore, according to the above conclusions, the satellite sailboard with the corresponding section size is designed, and the modal test is carried out to obtain the first five modal frequencies and vibration modes of the test. Comparing the test with the simulation results, we can see the following conclusions.
1) The modal frequencies of the test and simulation are well matched. Therefore, it can be known that the sandwich panel theory of the satellite sailboard can accurately simulate the dynamic performance of the satellite sailboard when the wall thickness of the honeycomb panel is 0.02 mm and the wall length is 6 mm.
2) The equivalent model is compared with the honeycomb panel structure model to verify the equivalent accuracy of the equivalent theory and then judge whether it is suitable for the target structure. This method has important reference significance for the equivalent research and application of solar panel honeycomb sandwich panel structure. 
